The influence of cold-dry (harmattan) season on colonic temperature (CT) and the development of pulmonary hypertension (PH), as well as the effect of ascorbic acid (AA), were investigated in Anak male broilers during the harmattan season (November-January) of 2010-2013. A total of 150 broiler chickens per season served as subjects. At the age of 4 weeks, the broilers were randomly divided into two groups consisting of three replicates of 25 birds each: group I, the control, was not administered AA; group II was AA-treated, administered with 200 mg/kg body weight of AA, every day at 7 am and 7 pm for a period of 3 weeks. The mortality rate and CT of the birds were recorded during the daytime and nighttime. Ten birds from each group were sacrificed at weeks 4, 5, 6, and 7 for the assessment of PH and ascites syndromes. The mean ambient temperature value of 24.3°C±0.1°C recorded in the daytime was higher (P,0.05) than the value of 17.2°C±0.1°C recorded during the nighttime. The average level of dust was 8.2 mg/m 3 . The control birds were hypothermic during the nighttime and had high mortality rates compared with the AA-treated birds. Broilers with obvious signs of ascites demonstrated a uniquely continuous increase in CT. At weeks 6 and 7 of age, 80% of the control broilers that were sacrificed exhibited an increase (P,0.05) in the weight of right ventricle to the weight of total ventricles, packed cell volume, and erythrocyte count with low hemoglobin content, which indicated PH syndrome. The remaining 20% of the control birds and those that died had ascites syndrome in addition to the PH syndrome. These syndromes were not observed in the AA-treated birds. In conclusion, the harmattan season induced PH in broilers with no obvious clinical signs; the harmattan may compromise the welfare, health, productivity, and meat quality of the birds, effects which were ameliorated by AA.
Introduction
The harmattan season occurs from November to early March in the Gulf of Guinea. It is characterized by a very cold-dry (9°C) and dust-laden wind, blowing northeast and west off the Sahara desert into the Gulf of Guinea, towards the Caribbean and South America. 1, 2 The harmattan season differs from winter because it is characterized by cold-dry wind, heavy dust-laden particles, and wide fluctuations in day and night ambient temperatures (AT). The harmattan wind is considered a natural hazard because during its passage over the desert it picks up fine dust particles and can push large quantities of sand and dust, facilitating the spread of wind-borne diseases for thousands of kilometers. 3 In spite of the deleterious effects of the harmattan season on humans and its wide coverage through the Sahara desert into the Gulf of Guinea (Figure 1) , there are limited studies on the impact of the season on livestock (especially poultry) 4 when compared to the volume of studies conducted on the effect of hot-dry season or heat stress on poultry. [5] [6] [7] Broiler chickens are prone to severe pulmonary hypertension (PH); several studies have shown that other factors such as high growth rate, genetics, rearing conditions, poor management, cold stress, and high levels of dust particles are implicated in the pathology of PH. [8] [9] [10] [11] [12] Birds suffering from PH have been reported to have depressed respiratory capacity, changes in heart morphology (right ventricle weight to total ventricle weight [RV/TV] ratio), fluid accumulation, stunted growth and increased mortality, packed cell volume (PCV), hemoglobin (Hb) concentration, and red blood cell (RBC) counts. 8, 13, 14 The parameters are often used to diagnose ascites in broilers. Body temperature in birds, measured as colonic temperature (CT), has been used to measure the level of stress and adaptability of animals to various stress conditions. 4, 7 To date, there is paucity of information in the available literature on the effect of the harmattan season on the development of PH in broilers. Preliminary investigation has shown that mortality rates in chickens was very high during the harmattan season as compared to other seasons of the year. 15 Although macroclimatic conditions during the harmattan season in the tropics cannot be controlled easily, adequate and effective prophylactic measures may reduce the adverse effects of cold and dust on birds during the season. Such measures will reduce costs and improve the efficiency of poultry production in areas exposed to the harmattan wind.
Many nutritional, medicinal, and management strategies have been proposed to alleviate incidence of PH due to multiple stress factors. 13, 16, 17 However, the effects of the agents in ameliorating PH in broilers reared during the harmattan season have not been investigated; additionally, diagnoses of animal diseases are generally done during the daytime, ignoring the possible adverse effects of nighttime environmental conditions. There is an increasing body of evidence supporting the use of ascorbic acid (AA) as an antistress, particularly against the development of PH in birds. 4, 6, 8, 13 The aims of the present study were to investigate the effects of daytime and nighttime harmattan on CT and the development of PH in broilers, as well as the ameliorating effect of AA. The body temperature (measured as CT) of the birds was recorded at 6 am, 10 am, 2 pm, 6 pm, 10 pm, and 4 am using a digital clinical thermometer (The Hartman Group, Heidenheim, Germany); the thermometer was inserted about 4-5 cm into the rectum through the cloaca and left until an alarm sound was heard, indicating the end of the reading. The CT was recorded during the 4th, 5th, 6th, and 7th week of the broilers' life. Individual birds with CT above normal values during both the daytime and nighttime were specifically color-marked for further assessment of abdominal fluid accumulation.
Birds' management and experimental design
A description of the experimental protocol used during the study period of the harmattan season from 2010-2013 is shown in Table 1. During the study period, from  November 15, 2010 to January 10, 2013, 200 Anak strain  of broilers were obtained per season and yearly as day-old  chicks from Success Golden Chicks Farm, Ibadan (07° 23  / N,  03° 52 / E), Nigeria, and were brooded in a standard poultry pen until 4 weeks of age. All birds were reared in floor pens on fresh wood shavings for 4 weeks. From day-old to 28 days, all chicks were kept under a 23-hour light regime and were given access to clean drinking water and standard commercial broiler chick ration ad libitum. The birds were brooded at 32°C, 30°C, 28°C, and 24°C during weeks 1, 2, 3, and 4, respectively; thereafter, they were maintained at 21°C-24°C during weeks 5, 6, and 7. From weeks 5-7 the birds were given access to clean water and standard broilers' mash ad libitum. The crude protein and energy levels for the broilers at 0-28 days-old were 23.1% and 13.44 MJ ME kg −1 , respectively; at 5-7 weeks, the corresponding values were 19.8% and 13.42 MJ ME kg −1 , respectively.
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The birds were stocked at 10 broilers/m 2 . The AT inside the pen post-brooding (week 5 to 7) was, however, influenced by the effects of the daytime and nighttime harmattan wind. The wood shavings were kept clean throughout the study period. Management of the broilers, including recommended vaccinations against common infectious diseases, strictly adhered to the standard routine. Out of the 200 birds stocked per season, 150 male broilers were selected as subjects for each study season. At 4-weeks old, the broilers were randomly divided into AA-treated and control groups, comprising 75 birds per group with three replicates of 25 birds each. The AA-treated broilers were administered orally and individually with 200 mg/kg body weight of AA, dissolved in 3 mL of sterile water, twice daily (400 mg) at 7 am and 7 pm for a period of 3 weeks. At the same time, the control group was given equivalent of sterile water. The dosage of AA used in the present study has been proven to mitigate oxidative stress caused by intermittent cold exposure. 19 The AA and sterile water were given to each bird using a gavage by gentle feeding through the beak with minimal stress. 20 Ten birds selected at random from each group were sacrificed at weeks 5, 6, and 7 (Table 1) , and the heart of each bird was carefully removed for analyses of PH. During the evaluation, noticeable abdominal and pericardial fluid contents and liver abnormalities were scored. Every week, just before sacrifice at 6.30 am, the body weight of each bird was recorded, and at the same time a blood sample was obtained from the wing vein of the bird for additional analysis of PH indicators, which included PCV, Hb concentration, Hb index and erythrocyte count. [21] [22] [23] Heart, abdomen, and liver
The PH was assessed by the ratio of the weight of right ventricle (RV) to the weight of total ventricle (TV) as described by Wideman 25 and Zamani Moghaddam et al. 13 Briefly, after sacrifice at the 5th, 6th, and 7th week of life, the heart of each bird was removed and the left and right atria were dissected from the ventricles. The two ventricles were first weighed (Digital Pricing Scale with LED/LCD Display (400N); Xiamen Merc Electronic Technology Co., Ltd., Fujian, People's Republic of China), after which the RV was carefully separated from the left and weighed. The ratio of the RV over the TV was calculated as PH index (that is, RV/TV = PH index). A ratio of 0.24-0.28 was considered normal. 25, 26 Birds having a RV/TV ratio $0.278 to ,0.299 were classified as suffering from right ventricular failure and indicative of the presence of PH. 13, 27, 28 Additionally, birds that died with ascites or those that died with obvious pre-PH symptoms were included in the total PH mortality. 28 All dead birds were examined for the presence of typical lesions of ascites; accumulation of fluid in the heart sac was scored 0 if there was no fluid, 1 if there was some fluid accumulation, and 2 if there was serious accumulation of fluid. Liver abnormalities were scored as 0 if there were no abnormalities observed, 1 if there was an abnormal liver, and 2 if there were serious liver abnormalities. Liver abnormalities included a lighter color, an irregular liver surface, or both. The accumulation of fluid in the abdomen was scored as 0 if there was no fluid, 1 if there was some fluid, and 2 if there was a serious accumulation of fluid.
10,29

Sampling of harmattan dust
The harmattan dust inside the poultry house was sampled at three different spots during both day and night, three times per week, from the December 15, 2010 to January 10, 2013 ( Table 1 ). The sampling of dust particles was done on Whatman filter paper (Whatman International Ltd, Maidstone, UK) as described by Vucemilo et al. 30 The filter paper was weighed before and immediately after each period of sampling. The difference in the weights was taken as the quantity of dust.
statistical analysis
Data were analyzed using two-way analysis of variance (ANOVA) with repeated measures. ANOVA was followed by post hoc Fisher's Least Significant Difference test. Mortality data were analyzed using a chi-square test. All statistical analyses were performed using Statistical 7.0 statistical software (StatSoft Inc, Tulsa, OK USA). The overall level of statistical significance was defined as P,0.05.
Results
Thermal environmental variables
The hourly fluctuations in thermal environmental variables and CT of the broilers recorded during the study period are shown in Figure 
CT of the birds
There were no significant differences in the CT values of the broilers at 4 weeks of age before the administration of AA, although individual birds exhibited variations in the CT values. The CT significantly (P,0.05) increased during the day and decreased during the nighttime period ( 
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Pulmonary hypertension in broiler chickens during the harmattan season (P,0.001) than that recorded at week 7 (42.8°C±0.5°C). In AA-treated broilers, the mean CT values recorded during the daytime and nighttime period were within the range values of 40°C-42°C. Birds with obvious clinical signs of ascites had CT values that were consistently above 42.5°C during both the daytime and nighttime.
Ph ratio and mortality
The RV/TV ratio recorded in ten 4-week-old birds before the administration of AA had mean, maximum, and minimum values of 0.178±0.05, 0.189, and 0.160, respectively. After the administration of AA at the 5th, 6th and 7th week of life, the control birds had RV/TV ratios of 0.233±0.05, 0.301±0.02, and 0.315±0.04, respectively, which were significantly (P,0.05) higher than the corresponding RV/TV ratios of 0.178±0.01, 0.205±0.05, and 0.210±0.04, respectively, recorded in the AA-treated birds (Figure 3) . The RV/TV ratio of 0.28 and above signifies the development of PH. Only 20% of the broilers in control birds with clinically significant heart pathology (RV/TV ratio above 0.28) fully developed ascites syndrome at week 7, which included excess accumulation of abdominal and pericardial fluid and liver abnormalities.
A mortality rate of 25.3% was recorded in control broilers from the 5th to the 7th week of life, whereas a 5.3% mortality was recorded in AA-treated birds. The mortality rate was higher (P,0.05) at the 7th week of life, with the values of 14.7% and 4.0% for control and AA-treated birds, respectively ( Figure 4) . Postmortem results obtained immediately after death revealed serious liver abnormalities (score of 2 on a 2-point scale) and excessive fluid accumulation (score of 2 on a 2-point scale) in the abdominal and pericardial cavities in 80% of control broilers that had died.
Feed consumption, liveweight and dust concentration
The average weekly feed intake of 0.878±0.02 kg/bird recorded in AA-treated broilers was higher (P,0.05) than the 0.728±0.01 kg/bird recorded in control birds. The respective liveweights of the control and AA-treated broilers were only different (P,0.05) at the 6th and 7th week of life. The AAtreated broilers had a final average liveweight of 2.230±0.05 kg/bird, which was higher (P,0.05) than the average value of 1.978±0.04 kg/bird recorded in the control birds. 
Blood parameters
The PCV values, Hb concentrations, and RBC counts showed significant increase in control broilers from week 5 to 7, as compared to those recorded in AA-treated broilers ( Table 2 ).
The PCV values were particularly significant (P,0.001) in birds with higher PH index and abdominal fluid accumulation at weeks 6 and 7. The Hb index in control birds showed hypochromic RBCs.
Discussion
The harmattan periods were classic, characterized by a very cold-dry wind and a heavy dust-laden haze of extremely small dry particles suspended in the atmosphere. Therefore, the best prophylactic measures necessary to be taken against the adverse effects of the cold-dry and dust-laden wind was to optimize the thermal microenvironment and ventilation by insulating the poultry house. However, this practice is complex, expensive, and impractical under tropical harmattan conditions because of the wide fluctuation in AT between the daytime and nighttime. The thermal environmental variables recorded in the present study, especially during the nighttime, were outside the thermoneutral zone of 18°C-28.5°C for AT and 65%-70% for RH, established for poultry in the tropical regions. 5, 31, 32 The thermal environmental data showed that the season, especially at night, was stressful and may not have favored optimum performance of the birds, and, consequently, profitable broiler production. This is because environmental stress factors associated with high or low AT have been reported to adversely affect the health, productivity, and welfare of birds. 10, 33 Furthermore, dust particles predispose birds to respiratory and cardiovascular diseases. 34 Valentin et al 33 observed that about 30% of broilers rejected at meat inspection showed lung lesions due to high concentrations of inhaled dust particles. The wide fluctuations in AT and RH between the daytime and nighttime time recorded in the present study posed a serious threat to the homeostasis of the birds. Wide and sharp variations in AT above the 20°C obtained in the present study have been reported to be stressful to poultry; these variations may also cause PH and death. 35, 36 It is important to note that in temperate countries, AT of 18°C is considered to be normal for matured poultry; however, in tropical countries such AT is just the lowest tolerable level. Thus, special consideration should be taken when explaining cold stress in the tropics.
The average CT values recorded in the broiler chickens were significantly different between birds; there were individual variations in the values of CT among birds of the same breed reared under the same conditions. In addition, the two-hourly variations in CT values may be due to circadian rhythm, classical of mammals and controlled by a biological clock in the hypothalamus. 37 Similar fluctuations in CT of birds during the daytime during the harmattan and hot-dry periods have been reported by Ayo et al 38 and Sinkalu and Ayo, 7 respectively. The highest CT value of 43.1°C recorded during the afternoon hours in the control birds was higher than the established normal range values of 40°C-42°C for the poultry species. 5 The result suggested that the birds may suffer moderate heat stress during the daytime, when the AT and RH values were also outside the thermoneutral zones. The result obtained in the present study was characteristic of the harmattan period, associated with high AT (up to 31°C) during the daytime, but very low AT (9°C-14°C) 
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Pulmonary hypertension in broiler chickens during the harmattan season during the nighttime and morning periods. 15, [38] [39] [40] [41] The present result disagrees with the finding of Ayo et al, 38 who showed no significant increase in RT values of Bovan Nera pullets during the harmattan season. The difference in the results may be due to high metabolic rates and the limited ability of broilers to exchange heat due to the broilers' weight and size when in the final stage of production. Thus, broiler chickens may be more vulnerable to thermal environmental changes, especially the concomitant effect of high and low AT values, compared to layer hens. In addition, the desiccating effect of the dusty and cold-dry wind acting on the birds may induce the secretion of corticosteroids -particularly cortisol, the chief hormone of stress -which may be responsible for the increase in CT; this effect requires further investigation. The wide fluctuations in CT and AT observed in the present study between the daytime and nighttime periods confirm earlier reports that the harmattan season is the most thermally stressful of the three (harmattan, hot-dry, rainy) seasons in the Northern Guinea Savannah zone of Nigeria. 4, 15, 38, 41 The mean CT value of 39.3°C±0.3°C recorded in the broiler chickens during the nighttime and early morning period at weeks 5 and 6, when the AT and RH were far below the recommended lower limit values for poultry, suggests that the birds experienced cold stress. The result further demonstrates that at low AT (below 18°C), the birds were unable to generate heat and thermoregulate efficiently; thus, the CT values decreased below the established normal values. This may have negative consequential effects on the health and productivity of the birds. Since cold stress reduces blood oxygen tension due to a decrease in flow of blood, the stress may perpetuate tissue hypoxia, consequently impairing the generation of adequate heat to maintain normal body temperature. Furthermore, low AT values were reported to suppress nutrient digestibility, decreasing the utilization of dry matter and crude protein. 42 Therefore, low metabolism levels may be an additional reason why the control birds in the present study were unable to generate adequate heat to keep warm during the nighttime, when the AT was very low.
The result of the present study demonstrated for the first time the importance of assessment of CT during the nighttime, especially when the environmental conditions are at the low extreme levels. Such CT assessment may be of value in establishing the correct diagnosis during the daytime. The significantly higher CT values, well above normal for broilers, were recorded during both daytime and nighttime in control broilers that had obvious clinical signs of ascites; these values were evidenced by accumulated abdominal fluid at week 7 and demonstrated that measurement of CT at night may be employed to monitor the development of PH during the harmattan season. The result also demonstrated that the older the birds, the higher their chances of PH development, especially if the adverse effects of the thermal environment on the birds are protracted.
The present result showed that the development of PH in broilers during the harmattan season was first started by a significant decrease in CT during the nighttime (due to low AT) and, thereafter, by an increase in CT, apparently due to accumulation of abdominal and pericardial fluids. The initial increase in the CT values recorded in AA-treated broiler chickens during the morning and evening hours, 2 hours after the administration of AA, was within the normal range of 40°C-42°C for broilers. The increase in CT value was higher (P,0.05) in the AA-treated group than that in the control group, which demonstrated that the administration of AA induced CT elevation in the broilers subjected to cold conditions. This finding shows that AA exerts a biphasic effect on CT. First, it increases the CT whenever the value is at a lower limit threshold, as observed during the nighttime in AA-treated broilers in the present study. Second, it reduces CT values that are at the maximum threshold, as observed in the afternoon hours in the present study. The fact that the increase in CT values was recorded in AA-treated broilers during the daytime and nighttime was not different from normal range values suggested -for the first time -that AA alleviated the effects of daytime and nighttime cold-dry harmattan stress on the CT of broilers. The mechanism of action of AA on the cold stress factor was not investigated in the present study; however, it may be due to the inhibitory activity of AA as a vitaminergic neurotransmitter in the hypothalamus. 43 Apart from its antioxidant and thermoregulatory properties, AA is involved in thermoregulation by inhibiting cortisol, the chief hormone of stress. 44 This is an important finding because cold stress has been implicated in the pathogenesis of PH and other related respiratory and cardiovascular diseases. 26, 45 The above normal CT values recorded in some control birds at the 7th week (during both the daytime nighttime), together with the fact that these birds had accumulated abdominal fluid, suggests that the broilers had fully developed ascites syndrome. Birds with ascites have been reported to have fluid accumulation in the abdomen and the pericardium. 25, 29 The mean RV/TV ratio of 0.178±0.05 recorded in the brooded broilers at 4 weeks of age was below the recommended RV/TV ratio of 0.28; 25 this demonstrated that the brooded broilers did not develop any sign of PH at this age due to adequate provision of heat to maintain stable internal environment. However, after brooding from the 5th to the 7th week, the RV/TV ratio obtained in the control birds was higher than the recommended values. Although there were no data on RV/TV ratio in broilers raised in the tropics during the harmattan season to warrant any comparison, the result of the present study, showed for the first time that the broilers raised during this period of the year in the tropics were subjected to environmental conditions that induced the development of PH. The factors that were responsible for the increase in RV/TV ratio in the present study were low AT, high levels of dust concentration, and wide fluctuations in AT. Cold temperatures increase the oxygen requirement, cardiac output, heart weight, and blood flow of the broiler chickens, probably as a result of the increased pulmonary arterial pressure, workload on both ventricles, and ultimately damage to the RV. 10, 26 The observation that not all birds with significant increases in PH index, PCV, RBC count, and Hb concentration had clinical signs of ascites indicates that pathological changes in the heart and blood are not always predictive of ascites. This requires further investigation.
The significant increase in RBC count, Hb concentration, and PCV value in PH broilers may be due to a significant increase in the number of RBCs as a result of enhanced erythropoiesis, which also may contribute to a significant elevation in blood volume. The findings confirm an accelerated erythropoiesis in PH broilers. Increased RBC counts -through increased erythropoietin production, elevation of PCV value, and blood viscosity -have been reported in broilers suffering from PH. 29, 46, 47 The Hb index results in PH broilers suggests that individual RBCs had very low Hb content on their membranes, apparently due to increased proportion of immature RBCs in the circulation and enhanced erythropoiesis induced by oxygen deficiency due to cold stress. The result of the present study, for the first time, suggested that Hb index may be employed as one of the biomarkers of PH in broilers.
Dust control has been reported to be an important management challenge facing the broiler industry; the highest dust concentrations are found in poultry houses, followed by houses for keeping pigs and cattle.
14 Although there are no recommended safe values on the amount of dust inhaled by poultry during the harmattan season, the desiccating effect of the high concentration of inhaled dust particles (8.2±0.3 mg/m 3 ) recorded in the present study was above the normal recommended concentration value of 3.6 mg/m 3 for poultry houses in temperate climates. 48 The high dust concentration obtained in the present study may induce a sensitization within the lung tissue, irritate the mucous membranes, and cause a restriction in the bronchi, effects similar to those for an allergenic reaction. The response may reduce the efficiency of oxygen uptake by the lungs and overload the lung clearance mechanism of the broilers, consequently exacerbating the development of PH. Although the concentration of dust particles recorded in the present study was not separated from that of the entire dust generated by the birds, feeds or litter, the harmattan dust obviously constituted the greatest portion of the entire dust. This is because the density of the birds in the pen was low and the wood shavings were kept clean. Harmattan dust particles in the zone are reported to be very high ( Figure 1 ) and measure about 0.5-10 µm.
3 Such tiny dust particles escape entrapment by the defense mechanisms of the respiratory system and may predispose the respiratory and cardiovascular systems of the broilers to many pathological changes. Similar effects of dust particles on the respiratory and cardiovascular systems and PH development have been reported in humans and animals. 49, 50 Furthermore, the tiny dust particles may penetrate materials used for dust prevention in the poultry house without compromising ventilation. Therefore, it becomes physically impossible to control the adverse effects of the harmattan dust on birds reared during the season; AA administration, based on its antioxidant properties or indirect mechanism of action, may protect the endothelium of the mucous membrane of upper respiratory tract of the birds from the adverse effects of dust particles. Consequently, AA administration may be of paramount significance. 
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Pulmonary hypertension in broiler chickens during the harmattan season Furthermore, the wide fluctuations in AT recorded between daytime and nighttime during the harmattan season may exacerbate the induction of PH. Such wide fluctuations in AT have been reported to be more stressful to birds than a steady AT; they often result in high mortality. 5 Although moderate heat stress was observed in the afternoon hours, when the AT value was higher than the thermoneutral zone, this may not induce PH because the alternating effect of the heat was moderate and lasted only a few hours, between 1 pm to 3 pm. The result of the study agreed with the findings of Kim et al, 51 who showed that the effect of alternating environmental AT between cold and heat is largely under cold stimulus, rather than hot. Thus, the protracted cold-dry (harmattan) effect recorded in the present study has taken precedence over the short period of heat stress observed in the afternoon hours of the day.
The RV/TV ratio of 0.315±0.04 recorded at the 7th week in the present study was similar to the result recorded by Zamani Moghaddam et al 13 in broilers, raised under high altitude. The increase in the RV/TV ratio with increase in the age of the birds demonstrated that the older the birds, the higher the risk of PH development. This finding was apparently due to the persistence in the severity of the harmattan wind and the high concentration of dust throughout the study period. It is still not clear whether the changes recorded in heart morphology were adaptive and reversible, as they occurred during the development of hypoxic PH. 6, 47 This may require further investigation.
In birds administered with AA, the RV/TV ratios recorded at the 5th, 6th, and 7th week were significantly (P,0.05) lower than that obtained in control birds and were not above the normal ratio of 0.28. The result demonstrated that AA ameliorated the negative effects of cold-dry (harmattan) stress on the development of PH. Furthermore, the result suggested that broilers that developed PH had low levels of AA. The result is in agreement with the findings of Cheng et al 52 and Xiang et al, 8 who showed that AA synthesis was insufficient during cold exposure and that the level of antioxidants in ascitic broilers decreased considerably, compared to that in healthy broilers.
The mechanism of action of AA in mitigating PH may be through detoxification of reactive oxygen species (ROS), apparently generated in large quantity during the harmattan season. Factors favoring the increased ROS production may include high demand for cellular oxygen due to low AT and RH that occurred during the season, especially during the nighttime, and the concomitant effect of high quantities of inhaled dust particles. AA has been shown to be a powerful antioxidant, scavenging ROS, including free radicals, by donating a hydrogen molecule. AA also reduces thermal load in birds subjected to extreme environmental conditions, 20, 44 like those seen in the present study. The result further suggested that AA played a significant role in enhancing the functions of the respiratory tract and cardiac endothelium; thus, the broilers administered with AA had lower RV/TV ratios and were able to withstand the adverse effects of inhaled dust particles. The present findings support those of Balz 44 and Korantzopoulos and Galaris, 53 who showed that AA is beneficial during cold stress, and in patients with cardiovascular problems. Similar beneficial effects of antioxidant vitamins C and E, and selenium, against the development of PH have been reported in broilers in temperate regions of the world. 8, 13, 54 Abo-Elouun and Al-Humiany 55 demonstrated that the mechanism of action of AA in alleviating PH was due to the ability of AA to reduce blood flow resistance, especially in the narrow capillaries of the lungs. The result supports the finding of the present study that AA also mitigated the induction of PH due to harmattan stress and high level of inhaled dust particles.
The high mortality recorded in control birds and the results of the postmortems confirmed that the birds died as a result of ascites syndrome, apparently induced by improper thermoregulation, hypoxia, wide fluctuations in AT, and high concentrations of dust particles. Although the physical, chemical, and biological compositions of the dust particles were not investigated in the present study, it may be possible that some dust-associated pathogens were responsible for the mortality recorded. Further study is required in this direction. The low mortality rate of 5.3% recorded in AA-treated broilers and the lack of any PH lesion postmortem suggests that AA, through the different mechanisms described earlier, prevented the development of PH and improved the health and viability of the birds reared under the stressful harmattan conditions.
Although cold exposure is reported to increase feed intake, it also reduces productivity. 36, 56 The liveweight of the control birds in the present study was lower than that recorded in AA-treated birds, which indicates the adverse effect of the harmattan stress on the liveweight of broilers. The negative effect was apparently induced because a substantial amount of the feed consumed by control broilers were utilized for the maintenance of homeostasis, rather than for weight gain. Additionally, hypoxia, which is associated with cold exposure (a condition in the present study) has been reported to inhibit gut development and poor growth rate in broilers; this is due to the high demand for oxygen by gastrointestinal organs. 57, 58 Open Access Animal Physiology downloaded from https://www.dovepress.com/ by 54.70.40.11 on 02-Feb-2019 For personal use only.
Furthermore, the high levels of dust particles obtained in the present study have been reported to reduce growth and feed efficiency in poultry. 48 Thus, the increased liveweight recorded in AA-treated broilers compared to the control group suggests that AA enhanced the mechanism of thermoregulation. Consequently, the larger part of the feed consumed by AA-treated birds was apparently utilized for body weight gain, rather than for thermoregulation. In addition, AA has been reported to improve nutrient absorption in the intestine and the release of digestive enzymes by the pancreas, 13 and these functions may lead to increased feed utilization and liveweight gain in AA-treated broilers in the present study. Similar beneficial effects of AA supplementation on growth rate of chickens have been reported elsewhere. 59 Overall, the result of the present study suggested that the majority of broilers reared to maturity during the harmattan season -although they show no obvious manifestations of clinical ascites syndrome -may develop PH syndrome which compromises meat quality and reduces the economic value of the broilers. This may require further investigation.
Conclusion
In conclusion, broiler chickens reared during the harmattan season developed PH due to the adverse effects of the cold-dry wind, wide fluctuations in AT during the daytime and nighttime, and high dust concentration, the effects of which were ameliorated by AA administration. The administration of AA may enhance the welfare, health, productivity, and meat quality of broiler chickens raised during the harmattan season.
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